Introduction
One of the main characteristics of kimberlite magmas is the nature and abundance of xenolithic cargo they sample, entrain, transport, and erupt. The population of xenoliths hosted by kimberlite commonly represents random sampling from anywhere within the entire (i.e. ~150-200 km) cratonic mantle and crustal lithosphere. Much of our knowledge of the nature and origins of the subcratonic mantle lithosphere derives directly from our petrological, geochemical and geophysical studies of the xenoliths recovered from kimberlite. Furthermore, the diamond content and economic potential of kimberlite bodies relies exclusively on the successful sampling and transport of mantle cargo originating within the diamond window. Magma ascent velocities are rapid; one line of evidence for this is that xenoliths may be thermally equilibrated with the magma but are not chemically equilibrated and record mantle conditions (Mitchell, 1980) . The entrainment of dense mantle cargo also constrains magma rise rates (e.g., Sparks et al. 1977; Mercier, 1979; Spera, 1984; Sparks et al. 2006) .
Current models for xenolith sampling and transport are commonly based on the Stokes settling rates determined by the size and density of the mantle cargo relative to the properties of the kimberlite melt. Despite the flaws in these relatively simple calculations, they accentuate the fact that the dense mantle cargo is continually settling through the less dense, low viscosity melt as the kimberlite magma ascends. This implies that xenoliths are potentially being decoupled from the magma that actually sampled them and suggests that a substantial lag time exists between eruption of the magma that sampled the xenoliths and eruption of the lagging xenolithic cargo. Here, we explore the implications of these concepts for the distribution of xenoliths within kimberlite deposits and, in particular, for the distribution of mantle xenoliths derived from within the diamond window. 
Factoids on Xenolith Transport
Mantle xenoliths are extracted by brittle deformation of the surrounding lithosphere by buoyant kimberlite magmas where the stresses imposed by the crack tip at the head the buoyant magma exceed the tensile strength of the wall rocks at depth (e.g., Spera, 1984; Lensky et al. 2006; Wilson and Head, 2007) . Dyke propagation through the damaged mantle lithosphere samples and entrains xenoliths (Fig.
. Xenoliths continue to sink in the magma as it ascends (Fig. 1C ) and require ascent velocities in excess of the settling velocities to reach the surface (Sparks et al. 1977; Spera, 1984; Sparks et al. 2006) .
The majority of xenoliths derive from sequential dyke propagation events wherein the damage zones surrounding the dyke's crack tip are sampled ( Fig. 1D ; Lensky et al. 2006; Brett et al. 2012) . Theoretically, after each sampling event, xenoliths should remain clustered together and should preserve their position within the rising magma relative to other clusters of xenoliths (Fig. 1D ). However, mixing by turbulent flow could disseminate clusters. Sorting of mantle xenoliths by size (densities are essentially equivalent) is a relatively inefficient process given the average ascent rates of kimberlite. When magma pressure decreases during the waning of ascent, widths of dykes decrease as the system relaxes thereby compromising field observations (i.e. Kavanagh and Sparks, 2011) . However, in some instances, dykes closing during the waning stages of an eruption trap clusters of xenoliths and preserve evidence for the minimum dyke thicknesses during transport (Fig. 1E) .
Basic Stokes Velocities
The terminal settling velocities (V X ) of dense solids (xenoliths) in viscous melts are predicted with Stokes law for spherical particles under laminar flow as a function of melt viscosity (h), particle radius (r) and the density contrast between melt and xenolith (Dr) (e.g., Spera, 1984) :
(
One implication of mantle xenoliths being erupted is that the host magma must ascend at rates (V m ) faster than the xenoliths are sinking (i.e. V X ; Eq. 1; Sparks et al. 1977; Spera 1984) . During ascent, the xenoliths are sinking through the rising magma producing a lag time (Dt) given by:
where D x is the source depth of the xenolith. For example, a differential rise velocity of 1 m s -1 between the kimberlite melt (+ 4 m s -1 ) and a mantle xenolith (-3 m s -1 ) sampled at a depth of 150 km implies a time lag of ~3.5 hours (Fig. 2) . In general, the deepest sourced mantle xenoliths will have the greatest lag times, as well as the greatest transport times. Shallow sampled mantle xenoliths will tend to be more strongly coupled the magma and have shorter lag times. Crustal xenoliths are likely to be more or less fully coupled to the kimberlite magma and be erupted continuously throughout the eruption and by the same magma that sampled them. In contrast, deeply sourced xenoliths from within the diamond window are likely to erupt hours after the magma that actually caused the original sampling. These xenoliths are at risk of being left behind if eruption durations are short or magma volumes are small. Xenoliths sampled at depths of D x will commonly be inherited and erupted by deeper/later magma (D m ) as described by: 6 = 0 1 2 3 2 1
(3) such that the pairing between kimberlite magma and erupted xenoliths is dependent on the sampling depth and the relative rise velocities of magma and xenolith.
Other Considerations
The concepts developed above derive from the assumption that Stokes law for settling of spherical particles is an adequate representation of the behavior of mantle xenoliths entrained by ; Sparks et al. 1977; Spera, 1984) . Yield strengths will reduce the critical rise velocity required for the magma to successfully carry the mantle cargo. Indeed, small xenoliths can be fully coupled to the magma where the shear stress of the settling particle (s x ) is < s o . However, the concept of a lag time between the magma and xenolith is preserved for all xenoliths having s x > s o . Crystals in silicate magmas can enhance nucleation of bubbles of H 2 O/CO 2 and xenolith entrainment represents another means of enhancing bubble nucleation. Experiments with carbonated liquids and rough-surfaced solids (e.g. 'Menthos TM ' candies) demonstrate the importance of surfaces for causing rapid, heterogeneous nucleation of bubbles. Xenolith roughened by attrition processes (Campbell et al. 2012; Jones et al., 2014) provide ideal surfaces for inducing vesiculation (i.e. Menthos effect; Edwards and Russell, 2009 ) thereby facilitating xenolith transport in 3 ways. The addition of bubbles will also introduce a non-Newtonian rheology and lead to shear-thinning characteristics and possibly viscoelastic behavior. Bubbles can lower the density of xenoliths by adhering to and coating xenolith surfaces (Edwards and Russell, 2009) , as well as, hinder settling. Thirdly, a decrease in volatile content of the melt will increase melt viscosity. The 'Menthos' effect could also be driven by deepseated assimilation-driven vesiculation of CO 2 (Russell et al. 2012) .
Conclusions
Differential velocities between a rising kimberlite magma and the mantle xenoliths it samples leads to substantial lag times between the eruption of magma and xenolith cargo. These lag times have important implications for the total volume of magma rising, the duration of kimberlite eruptions, the length (depth) of dyke that is open at depth during the eruption, and, ultimately, the distribution of diamonds within kimberlite eruption products.
